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Systems
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Materials Science Group, Department of Chemistry, Technical University of Denmark, DK-2800 Lyngby, Denmark
ABSTRACT
The electrochemical behavior of K2S2O7-KHSO4-V205, K2S207-V2O4, and K2S2O7-KHSO4-V204 melts was studied in
argon and S02/air atmospheres using a gold electrode. In order to identifythe voltammetric waves due to KHSO4, molten
KHSO4 and mixtures of K2S2OrKHSO4 were investigated by voltammetry performed with Au and Pt electrodes in an
argon atmosphere. It was shown that H reduction took place at 0.26 V vs. an AgVAg reference electrode, i.e., at a poten-
tial in between the V(V) —* V(IV) and V(IV) —* V(III) reduction stages. The presence of KHSO4 caused an increased con-
centration of V(III) species in the V2O5 containing molten electrolytes. This effect may be caused either by protonic pro-
motion of the V(IV) —* V(III) reduction (V02 + 2W + e — V3 + H20) or by chemical reduction of V(IV) complexes with
hydrogen, formed from W as the product of the electrochemical reduction. Both the V(V) —,V(IV) reduction and the V(IV)
V(V) oxidation remained one-electron electrochemical reactions after the addition of KHSO4 (or water)to the H2S207-V2O5
melt. Water had no noticeable effect on the V(V) —s V(IV) reduction but the V(IV) —V(V) oxidation proceeded at higher
polarizations in the water-containing melts in both argon and S03/air atmospheres.This effect may be explained by par-
ticipation of the water molecules in the V(IV) active complexes.
Introduction
The present work is a continuation of our investigation
on the electrochemistry of molten V2O5-M252O7 system (M
is an alkali metal).' This melt has proved to be a realistic
model of the V2O5-M20 catalyst for sulfur dioxide oxida-
tion with oxygen or air in sulfuric acid production and SO2
removal from flue gases.2 Flue gases can contain a signif i-
cant amount of water (ca. 7% by volume).3 It is known that
water dissolves in molten alkali pyrosulfates with forma-
tion of hydrogen sulfates4'5
H20 + S3O r 2HSO
Dissolved water (or hydrogen sulfate) may participate in
some steps of the above mentioned catalytical process.
Obviously the physicochemical properties of the melt and
possibly the structure of the catalytically active vanadium
species depend on the water activity.
* Electrochemical Society Active Member.
It has been shown1'5 that electrochemical measurements
can provide valuable information about the type of vana-
dium complexes formed in the K2S207-V205 molten system
and knowledge concerning the reaction mechanism during
catalysis. Therefore the electrochemistry of K2S2O7-
KHSO4-V2O5 melts was studied in an attempt to under-
stand the effect of water.
Previously, neither the electrochemistry of V205 in the
molten K2S207-KHSO4 mixtures, nor the electrochemical
behavior of K2S207-KHSO4 melts have been studied.
Hadid et al.7 investigated the electrochemistry of V205 in
molten NH4HSO4 [up to 0.5 mol V205/kg, i.e., 5.4 mole per-
[1] cent (mb)] at 200°C using Pt electrode. It was concluded
that vanadium existed only in oxidation states five (V0 in
acidic media and V02S0 in basic media) and four [VOSO4
in acidic media and VO(SOjr in basic media], VOSO4
being slightly soluble in the neutral melt. The standard
potential of the V(V)!V(IV) electrochemical system was
estimated as 0.677 V vs. an Ag/Ag2SO4 reference electrode.
The electrochemical V(V) —' V(IV) reaction was shown to
be a reversible one-electron process at 200°C.
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Experimental data obtained in other electrochemical
investigations demonstrate the occurrence of lower stages
of vanadium reduction, both in the aqueous electrolytes
and in molten salts.°" Thus, the electrochemical reduction
of V(V) in aqueous solutions can proceed in two stages
forming V(III) by the following reactions8
VO + 2W + e -* VO2 + H20 E° = +1.0 V [2]
VO' + 2W + e - V3 + H20 F° = +0.34 V [3]
where E° is the standard potential vs. a normal hydrogen
electrode. The electrochemical reduction of V(III) to V(II)
in 2 M aqueous H,S04 was used as a cathodic process for
the redox flow cell.9"0 It was shown that V(V) can be chem-
ically reduced to V(III) [in the form of KV(S04)2] by SO2 in
molten K2S,07-KHSO4-V,O, and KHSO4-V20, systems at
450°C."
In the molten K2S207-V20, systems, catalytically active
V(V) complexes (possibly VO,SO4S2O) were found to react
with water forming hydrated complexes by the reaction12
V0,S04S,0 + 3H,0 — V02S04•3H20 + 2HSO; [4]
In studies on the structure of V(V) compounds formed in
V,O, solutions in concentrated sulfuric acid, disulfuric
acid, and oleum at the ambient temperatures, it was shown
that VO(HSO4),, VO(OH)(HSO4)2, and H[VO(HSO4)4] were
the most likely V(V) compounds.'3-" Gillespie et al.'4 have
also found evidence for the formation of dimeric
H[V,03(HSO4)J6 species at high V20, concentrations.
Until now only the electrochemistry of hydrogen reduc-
tion on platinum from molten KHSO4has been studied.'6-'8
The electroreduction of hydrogen on bright and platinized
platinum was studied in molten KHSO4 at 250 to 440°C.'6"7
Videla et al. suggested hydrogen bonding in the melt.12
Arvia et al." assumed that the potential window of molten
KHSO4 is limited by the following cathodic and anodic
electrochemical reactions
or
2W + 2e H,
2HSO o H,S04 + SO3 + /2 0, + 2e
S0 o SO3 + /2 02 + 2e
The residual EMF after the electrolysis of the KHSO4 melt
was measured.'7 It was found to be 0.602 V at 269°C and
was assumed to be equal to the potential window of this
electrolyte. The hydrogen-evolution reaction was studied'8
at a bright Pt electrode at 270 to 430°C. It was shown that
the atom-atom combination step at low polarization is
rate determining; and at high potentials ion-atom electro-
chemical desorption is the rate-determining step. These
regions are separated by a transition region. By analogy
with aqueous H2S04, it was also shown that Pt02 forma-
tion and reduction took place at 0.8 and 0.4 \1 respective-
ly, vs. the hydrogen reference electrode.'8
Equation 5 implies a preceding dissociation of HSO
HSO4 -° W + S0 [8]
i.e., the presence of more or less "free" protons in molten
KHSO4. This assumption is in agreement with the conclu-
sion of Rogers et j9 that different particles are responsi-
ble for the conductivity and the viscous flow in the molten
alkali hydrogen sulfates: the energy barrier for viscosity
involves the M, HSO;, and S0 ions (M = alkali metal),
while the conductivity involves only W ions. A consider-
ably higher electroconductivity of molten K2S207 after
addition of KHSO42° is also in agreement with a proton
hopping mechanism of conductivity for molten KHSO4-
K,S,07.
White et at." studied the electrochenilcal behavior of
water dissolved in a molten Li2SO4-K,S04-Na,S04 eutectic
using a gold electrode at 560°C. It was shown that water is
solvated in the sulfate melt, occurring in the form of
hydrogenosulfate after the reaction
H,0 + M2S04 + SO, o 2MHSO4 [9]
It was also shown that the reduction of the HS0 ion in
molten sulfates proceeds at 0.31 and 0.28 V vs. Ag/Ag at
100 and 500 mV/s, respectively.
Almost all electrochemical data for K2S207 and V,O,-
K2S,07 melts were obtained at Au electrodes using the
Ag/Ag reference electrode; and the electrochemical data
for molten KHSO4 were obtained at Pt electrodes using
primarily the hydrogen reference electrode. However, gold
was proven to be corrosion stable both in KHSO4 and in
KHSO4-K2S207 melts up to 5 50°C 22 and therefore, seems to
be the most suitable material for the electrochernical
investigations in KHSO4-K,S,07 containing electrolytes.
As a result an additional electrochemical investigation in
KHSO4 and KHSO4-K,S,07 melts using an Au working
electrode vs. Ag/Ag is required. Such data are provided
here to help distinguish the voltammetric characteristics
of the molten KHSO4-K,S,07 solvent and also with added
vanadium compounds.
Experimental
Pure and dry K2S207 was obtained by thermal decompo-
sition of K2S208 (Merck, Pro Analysi, maximum 0.00 1% by
weight N) as described earlier.4 KHSO4 (Merck, p.a.) was
dried at 12 0°C for 24 h and then stored in a dry box. K2S04
(Merck, Suprapur) was dried at 500°C overnight. V20,
from Cerac (99.9% by weight pure) and Ag,S04 from
Heraeus (99.9% by weight pure) were used without further
purification. All sample preparation and handling were
performed in an argon-filled glove box (Vacuum
Atmospheres Inc.), with a measured oxygen and water
concentration less than 10 ppm.
Cyclic voltammetry measurements were performed in a
hermetically closed three-electrode quartz cell previously
described.' The reference electrode was a silver wire
placed in a Pyrex cylindric chamber with a thin-walled
[51 sphere bottom. A melt of K2S,07 saturated with Ag,S04
was used as the electrolyte for the reference electrode for[6] the experiments with molten K2S,07-KHSO4 or molten
K2S207-KHSO4-V20,. A melt of 3 weight percent (w/o)
solution of Ag2SO4 in KHSO4 was used as the electrolyte
[7] for the reference electrode for the experiments involving
molten KHSO4 or molten KHSO4-V,O
Gold and platinum wires sealed in Pyrex tubes served as
working electrodes. In the most cases the working elec-
trode area was 0.236 cm2. A gold wire spiral served as a
counterelectrode. The cell was filled with electrolyte and
hermetically closed in the argon glove box, and placed in
a vertical copper-aluminum-block furnace with tempera-
ture regulation to within 1°C.'3 The components of the
melt could be mixed by automatic rocking of the furnace.
The temperature of the melt was measured by a calibrated
Chromel-.Alumel thermocouple in a Pyrex pocket placed
inside the electrochemical cell.
Several voltammetric measurements were done in a
mixture of SO2 (10 yb), 02(26 yb), and N,(64 yb), bub-
bling the gas through the Pyrex tube immersed in the
molten electrolyte. Commercial gases were used: SO,
(>99.9% by volume), 0, (99.8 yb + 0.2 yb N, and Ar), and
N2 (<40 ppm of 0,). The S0,/02/N, mixture was supplied
from a mixing system based on gas streams monitored by
Brooks mass flowmeters. The voltammetric measurements
were carried out with a THJ Instrument potentiostat
(Denmark) controlled CV1A (THJ Instrument) and Easy
Plot 2.02 (MIT and Spiral Software) software packages
and with a potentiostat/galvanostat (Autolab-PGSTAT 20,
Eco Chemie, The Netherlands) controlled by GPES (Eco
Cheniie) software packages. The data were corrected for
IR drops using current interruption technique.24
Results and Discussion
Voltammetrjc measurements on Pt and Au electrodes in
melts of KHSO4 and K,S2OTKHSO4 at 265 and 440°C.—
Downloaded 28 Jun 2010 to 192.38.67.112. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
534 J. Electrochem. Soc., Vol. 144, No.2, February 1997 The Electrochernical Society, Inc.
Vapor pressure measurements in the K2S207-KHSO4 sys-
tern were performed using the boiling-point-method and
the quartz-Bourdon-manometer-method prior to the elec-
trochemical measurements.25 The obtained vapor pressure
values were lower than 60 Torr for KHSO4 concentrations
less than 10 mb at 440°C. Taking these data into account,
we deduce that the K2S207-KHSO4 system is sufficiently
stable up to 10 mb KHSO4 at 440°C.
The voltammograms obtained with the gold electrode in
the molten K2S207, and its mixtures with 7.5 and 10 mb of
KHSO4, at 700 and 1000 mV/s at 440°C are given in Fig. 1
and 2. After addition of KHSO4 to the K2S20, melt the
reduction wave R1 and the oxidation wave Ox1 appear in
the voltammetric curves at the potentials 0.26 and 0.04 V
(300 mV/s), respectively. The magnitude of current for the
cathodic process (wave R1) depends on the concentration
of KHSO4 and the cathodic limit of the potential window
moves toward more positive potentials, i.e., the potential
window becomes more narrow than for the "dry" K2S201
melt.' The oxidation wave Ox2 and the reduction wave K,
are gradually suppressed with the increasing concentra-
tion of KHSO4.
It has already been shown1 that wave R2 is due to the
reduction of the gold oxide through the following reaction
1/sAu2O3 +1/2 S2O + 3e — Au + 3SO [10]
Wave Ox2, according to Ref. 1,6 is the electrochemical dis-
solution of the gold electrode which can be described by
the following equation
Au + 2n S2O -. Au(SO4)° + 3)- + ,sS3O + 3e [11]
Wave Ox3 is the electrochemical oxidation of S2O
3S3O e 2S3O + 1/20. + 2e
and wave K, is the electrochemical reduction of solvated
503 mixed with oxygen.' Wave B4 appears only at high
potential scan rates and can be ascribed to electrochemi-
cal reduction of gold complexes because it is decreasing
simultaneously with wave Ox2 after the additions of
1(14504. Wave B1 is clearly due to KHSO4. To identify the
electrochemical process we need information about the
electrochemical behavior of molten KHSO4. We compared
the electrochemical behavior of the much investigated
platinum electrode to the gold electrode under the same
conditions.
Potential, V
Fig. 2. Voltammetrk curve obtained with a gold electrode in
molten K25207 + 10 mb KHSO4 at i000 mv/s and 440°C in Ar
atmosphere.
The voltammogram obtained with a Pt electrode in
molten KHSO4 at 265°C and 300 mV/s is given in Fig. 3.
Wave B, at approximately 0.25 V and wave Ox1 at 1.3 V
[12] corresponds to the anodic and cathodic limiting reactions,
respectively, of the potential window of the 1(14504 melt.
According to Arvia et at.17 hydrogen reduction is the
cathodic limiting reaction in molten alkali hydrogen sul-
fates. Reaction Ox5 can be identified with Eq. 6.17 This
conclusion is in agreement with the results of anodic gal-
vanostatic transient measurements made by Gilroy," the
last anodic plateau occurred at 1.0 V vs. the hydrogen ref-
erence electrode and the gas evolution took place at this
potential.
According to Arvia et at.,1' the residual EMF, after elec-
trolysis of the molten potassium hydrogenosulfate, was
0.602 V at 269°C. This EMF was identified with the poten-
Potential, V
Fig. 3. Comparison of voltammetric curves for different electrode
materials, platinum (Pt) and gold (Au) in molten KHSO4 at 300
mV/s and 265°C in Ar atmosphere.
Current, A
Ox3
Ox
0.04
0.02
0.00
-0.02
-0.04
-0.06
-1.00 -0.50 0.00 0.50 1.00 1.50
Ri
H3
Current density, A/cm2 Current, A
Ox
0.10
0.05
0.00
-0.05
-0.10
-0.15
Ox
Ox4
A4
A3
0.020 —
0.010 —
0-000 -
-0.010 -
-0.020 - —
-0.40
Ox1
Ox
°°. Pt
P1
-1.00 -0.50 0.00 0.50 1.00
Potential, V
Fig. 1. voltammetric curves obtained with a gold electrode in
molten K2S207 (1); and K2S307 + 7.5 m/o KHSO4 (2) at 800 mv/s
and 440°C in Ar atmosphere.
1 I
0.00 0.40 0.80 1.20 1.60
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tial window of molten KHSO4 on the basis of the
reversibility of the reactions described by Eq. 5 and 6,
i.e., it was much lower than in our measurement. However,
it is obvious from Fig. 3 that reaction Ox5 is irreversible.
The only "available" cathodic reaction to form an electro-
chemical couple with hydrogen after KHSO4 electrolysis is
reaction H, (Fig. 3). This fact can explain the low values of
residual EMF obtained by Arvia et al.'7 Wave R, can be
ascribed to the reduction of platinum oxide, taking into
account the electrochernical behavior of (i) platinum in
dilute sulfuric acid26 (platinum oxide formation and
reduction region occurring between 0.4 V and 1.1 V vs.
hydrogen electrode), (ii) platinum in concentrated sulfuric
acid solutions27 (platinum oxide formation and reduction
region occurring between 0 and 0.6 V vs. the hydrogen
electrode), and (iii) the experimental data obtained by
Gilroy" (platinum oxide reduction in the molten KHSO4
takes place at 0.4 V vs. the hydrogen electrode).
The gold electrode voltammogram for molten KHSO4
under Ar atmosphere and at 265°C was characterized by a
0.26 V cathodic limit (wave R1) and a 0.96 V anodic limit
(wave Ox5) at 300 mV/s (Fig. 3, solid line). The cathodic
wave R6 is obviously the electrochemical reduction of the
product of reaction Ox4.
As the cathodic limiting reaction (and taking into
account data obtained with Pt electrode) wave R, can be
ascribed to H or HSO4 reduction on Au (Eq. 5). It was
_______________________________________
found that the value of the peak current of wave R6
depends upon the duration of the anodic electrolysis dur-
ing the corresponding oxidation wave Ox4. At high poten-
tial scan rates it is possible to scan the potential to more
positive values to reach (similar to platinum) the anodic
oxidation of HSO4 ion at 1.45 V, i.e., wave Ox5 (Fig. 4). We
can assume that wave Ox4 is a passivation peak corre-
sponding to the anodic dissolution of gold in molten
KHSO4. Therefore wave R, can be ascribed to the elec-
troreduction of the gold compound formed in the reaction
Ox4.
Experimental data on the electrochemical behavior of
gold in KHSO4 melts and comparison of the voltammo-
grams obtained in molten K,S207 and KHSO4 electrolytes
at 440°C (Fig. 5) show that the cathodic wave R, on the
K2S2O7-KHSO4 voltammogram (Fig. 1) can be ascribed to
proton reduction and the anodic wave Ox, to the oxida-
tion of absorbed hydrogen (Eq. 6). It can also be seen from
Fig. 5 that the anodic dissolution of gold in molten KHSO4
proceeds at more positive potentials than in molten
Voltammetric measurements on a Au electrode in the
molten K2S207- V204, K2S2OrKHSO4- V,04, and K2S207-
KHSO4-V205 systems at 440°C in argon atmosphere.—
Electrochemical behavior of vanadium tetroxide (V2 04) in
molten K2S207 and K2S207-KHSO4.—We have found' pre-
viously that in the molten system containing vanadium
pentoxide, K,S,O7-V2O5, the electrochemical reduction of
11,0, proceeds in two steps. The first step is a one-electron
V(V) —° V(IV) reduction, starting at 0.7-0.8 V vs. Ag/Ag.
The second reduction stage, V(IV) —° V(III), starting at 0.1-0.2 V is irreversible and under ohmic control. Similar
V(IV) and V(III) electrochemical behaviors were observed
in the V(IV) solutions in concentrated H2S04.'° In the pre-
sent investigation with vanadium tetroxide added to
molten K2S,07, a V(IV) —' V(III) reduction wave was also
observed (R,,, Fig. 6). Corresponding V(III) — V(IV) oxida-
tion wave (wave Ox9) preceded the V(IV) — V(V)oxidation(wave Ox,0). In K,S,07-V204 melts, the V(V) '-° V(IV)reduc-
tion stage (wave H,,) was obtained after the first cycle, i.e.,
after V(V) species have been produced electrochemically.
The results of the voltammetrjc measurements in
Ox K,S2O7-V,04 (sat.)-KHSO4 (10 mole percent (mb)] melt are
given in Fig. 7 and 8. It can be seen that a new reduction
wave (R,,) appears between V(V) -+V(IV) (H,0) and V(IV) —°
V(III)/(R,1) reduction waves. Wave H,, (Fig. 7, 8) and wave
R, (Fig. 2) are situated in the same potential region.
Therefore we can ascribe wave H1, to W (or HSO4) reduc-
tion. The fact that hydrogen formation (wave R,2) proceeds
at more positive potentials than V(IV) —* V(III) reduction,(wave H,,) helps us to understand the reason for the
absence of the second vanadium electroreduction stage in
fl 4n ,,,. the published experimental data for K,S,07-V,O, melts-u. u u.vu u.4u u.80 1.20 1.60 containing water.62'
Potential, v From Fig. 7 it can be seen that the addition of KHSO4
causes a higher concentration of V(III). This can be
achieved either through the promotion of the V(IV) -+
11(111) electroreduction by protons (Eq. 3)8 or by a chemi-
0.02 Current, A
0.01
0.00 -
-0.01
-0.02 I I 1
-0.20 0.20 0.60 100 1.40
Potential, V
Fig. 5. Comparison of vollammefric curves obtained with a gold
electrode inmolten K,5207 (A) and molten KHSO4 (B) at 1000 mV/s
and 440°C in Ar atmosphere.
K,S,07, i.e., gold is more stable in the presence of water in
K,S,O7 melt than in the "dry" melt.
0.06 Current, A
0.04
0.02
0.00
-0.02
Fig. 4. Voltammeh-ic curves obtained with a gold electrode in
molten KHSO4 at 1000 mV/s and 265°C in Ar atmosphere.
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I • I
-0.50 0.00 0.50
Potential, V
1.00 1.50
0.02 Current, A
0.01
0.00
I
0.00
Ox - ?io
00,0
-0.01
-0.02
-0.02
-0.04
-1.00 -0.50 0.00 0.50
Potential, V
-0.06
1.00 1.50
Fig. 6. Comparison of voltammetric curves obtained with a gold
electrode in molten K25207 (1) and molten K25207-V204 (sat.) (2) at
1000 mV/s and 440°C in Ar atmosphere.
Cal reduction of V(IV) by hydrogen formed during proton
electroreduction.
Flectrochemical behavior of vanadium pentoxide (17205) in
molten K2S2OrKHSO4.—The voltammetric data obtained
at a gold electrode in a K2S207-KHSO4 (10 m/o)-V205 (10
mb) melt are given in Fig. 9 to 12 and in Table I; the
voltammogram obtained in a 'dry" melt of K2S207-V202
(10 mb) is also presented for comparison. It can be seen
that the addition of KHSO4 does not affect the V(V) —
V(IV) reduction significantly but the peak potential of the
V(IV) —° V(V) oxidation moves to more positive potentials.
For both V(V) - V(IV) and V(IV) -÷ V(V) reactions, peak
currents (I.,,) depend linearly on the square root of the
potential scan rate (Fig 11). The peak potentials (Er) are
linearly dependent on the natural logarithm (ln) of the
potential scan rate (V5) (Fig. 12). The linear E dependence
on the in TiE (Fig. 12) demonstrates the irreversibility of the
Current, A
0.02 —
0.00
-0.02 —
-0.04—
Fig. 7. Comparison of voltammetric curves obtained with a gold
electrode in molten K25207-V204 (sat.) (dashed curve) and in molten
K2S207-KHSO4 (10 m/o)-V204 (sat.) (solid curve) at 1000 mV/s and
440°C in Ar atmosphere.
-1.00 -0.50 0.00 0.50 1.00 1.50
Potential, V
Fig. 8. Voltammetric curve obtained with a gold electrode in
molten K25207-KHSO4 (10 m/o)-V204 (sat.) at 400 mV/s and 440°C
in Ar atmosphere.
charge-transfer stages of both electrochemical reactions.24
Therefore the Nicholson and Sham equation, Eq. 13,24 can
be used to calculate the number of electrons (na) partici-
pating in the rate defining stages
F2 — F212 = —1.857---- [131anF
where E and E,2 are peak and "half-peak" potentials (i.e.,
the potentials at I = I/2), respectively; cx is the transfer
coefficient; n is the number of electrons taking part in
the irreversible electrochemical reaction; R is the gas
constant; F is the Faraday constant; and T is the absolute
temperature.
It is often assumed that a equals 0.5.24 Calculated num-
bers of electrons are given in Table I. Similar to the "dry"
K2S207-V205 melt,1 V(V) -÷ V(IV) and V(IV) — V(V) in
molten K2S207-KE504-V205 are the one-electron reac-
tions. Therefore we can assume that the number of vanadi-
um atoms in the active vanadium complexes does not
change upon addition of KHSO4 to the molten K25207-V202.
0.05
0.00
-0.05
0.00 0.40 1.60
009
Current, A/cm2
density
0010
0.80 1.20
Potential, V
Fig. 9. Voltammetric curves obtained with a gold electrode in
molten K2S207-10 mb V205 (solid line) and molten K25207-10 mb
V205-10 mb KHSO4 (dashed line) at 100 mV/s and 440°C in Ar
atmosphere.
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Potential, V
Fig. 10. Effect of the potential scan rote on the voltammefric
curves obtained with a gold electrode in molten K2S207-10 mb
V205- 10 mb KHSO4: 1, 1000; 2, 700; 3, 500; and 4, 100 mV/s at
440°C in Ar atmosphere.
The more positive peak potentials of V(IV) oxidation in
K2S207-KHSO4-V205 (than in K2S207-V205) is a result of a
change in the kinetics of this reaction.24 Thischange can
be caused by the formation of stable VOSO4 3HO com-
plexes8 in the presence of water in the melt. The water
molecules are expected to participate in the electric dou-
ble-layer formation. As a result they may cause so-called
screening of the electrode and subsequent inhibition of
V(IV) — V(V) stage. However, in this case they would prob.-
ably affect both the V(V) reduction and the V(IV) oxidation.
Voltammetry in K2S207-V205 and K2S507-KHSO4- 17205
melts under S02/air atmosphere—The liquid-gas M2S207-
VSOS/SOS-02-N2 system can be considered to be closer to
the catalytic conditions of the industrial sulfuric acid pro-
Peakcurrent density, A/cm2
0.08 -
0.00 —
I I
'
—I
8.00 12.00 16.00 20.00 24.00 28.00
Square root of potential scan rate, (mV/s)
Fig. 11. Peak currents of R10 (A) and Ox10 (B) waves (Fig. 10) vs.
the square root of the potential scan rate.
In of potential scan rate, (mV/s)
Fig. 12. Peak potentials of R10 (A) and Ox10 (B) waves (Fig. 10) vs.
logarithm of the potential scan rate.
duction. Therefore additional voltammetric measurements
were made in molten K2S207-V205 and K2S207-KHSO4-
V205 melts under a S02/air atmosphere. The experimental
results we obtained are given in Fig. 13 and 14. It can be
seen that V(IV) —' V(V) oxidation in S02/02 atmosphere
proceeds at lower polarizations than in argon (compare
Fig. 12 and Fig. 14). Similarly to what was found for the
Ar atmosphere, the presence of water (or KHSO4) has no
significant effect on the V(V) reduction, but it visibly
changes the polarization of the V(IV) oxidation, the effect
being more pronounced in S02/air atmosphere than in
argon atmosphere.
The V(IV) —* V(V) oxidation kinetics in the "dry" K2S207-
V20, changes from slow charge-transfer stage' in argon to
slow preceding chemical reaction in S02/02 atmosphere
(Fig. 14). Figure 14 (A) demonstrates the well-known
voltammetric criterion for the slow preceding chemical
reaction mechanism24: oxidation peak potential moves in
the negative direction with growth of the potential scan
rate. After the addition of water (or KHSO4) the V(IV) —*
V(V) oxidation kinetics, like in the argon atmosphere,
becomes a slow charge-transfer kinetics24 (Fig. 14B).
Therefore it is easier to detect the inhibiting water effect
on the V(IV) — V(V) oxidation in the S02/02 atmosphere
than in argon atmosphere. Neither the S02/02 atmosphere
nor the water change type of the kinetics of the V(V) —*
V(IV) reduction (Fig. 12, 14). However there is a small pos-
itive change of V(V) —÷ V(IV) peak potential after KHSO4
Table I. Potential difference between peak and "half-peak"
potentials, E - E,2, and the number of participating elech'ons, ne,,
for the V(V) - V(lV) and V(IV) -. V(V), obtained in molten K2S207
containing KHSO4 (10 mb) and V205 (10 mb) with Au
electrode of 440°C.
Ox,5
R,,
Ox,5
R,,
Ox,0
R10
Ox1,
R,4
0.7
0.7
0.5
0.5
0.2
0.2
0.1
0.1
0.23,
0.20,
0.192
0.17,
0.23,
0.16,
0.224
0.99
1.14
1.19
1.30
0.99
1.28
1.02
Current density, A/cm2 Peak potential, V
0.60
0.10 -
0.00 -
-0.10 -
-0.20 -
-1.00
/ 0.40
A
0.20
0.00 1.00 2.00 4.50 5.00 5.50 6.00 6.50 7.00
0.04 -
-0.04 -
-0.08 -
-0.12
Electrochemical
wave designation
Potential scan E-E12rate (V/s) n°
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Fig. 13. Voltammefric curves obtained with a gold electrode in
molten 1(25207-10 mb V205 (solid line) and molten 1(25207-10 mb
V205-1O mb KHSO4 (dashed line) at 500 mV/s and 440°C in
502/air atmosphere.
addition in the S02/02 atmosphere (Fig. 14). The effect dis-
appears at high potential scan rates.
Taking into account considerable changes in the mecha-
nism of the V(IV) — V(V) oxidation and absence of the
effect for the V(V) —° V(IV) reduction at high potential scan
rates, the described water effects are rather caused by
change in the structure of the active vanadium complexes
in the presence of water than adsorbed water molecules
on the surface of gold electrode.
Conclusions
The effect of water on the electrochemical behavior of
V205 was studied in K2S207-KHSO4-V205 and K2S207-
Fig. 14. Peak potentials of the V(V) — V(IV) reduction and V(IV) —°
V(V) oxidation voltammefric waves in dependence on the lo9arithm
of the potential scan rate obtained in molten 1(25207-10 mb V205
(A) anj molten 1(25207-10 mb V205-10 mb KHSO4 (B) at 440°C in
502/air atmosphere.
KHSO4-V204 melts in argon and S02/air atmospheres with
a gold electrode at 440°C. It was shown that water has a
promoting effect on the V(IV) — V(III) reduction increas-
ing the concentration of V(III) species in the studied
electrolytes.
Both reactions, the V(V) — V(IV) reduction and the
V(IV) — V(V) oxidation, remain one-electron electro-
chemical reactions with increasing concentration of
KHSO4 in the molten K2S207-KHSO4-V205 system. Water
has no noticeable effect on the kinetics of the V(V) —°V(IV)
reduction but causes higher polarizations (i.e., inhibition)
of the V(IV) — V(V) oxidation both in the Ar and S02/air
atmospheres.
We conclude that the decreased activity of the V205 cat-
alyst in the industrial oxidation of SO2 to sulfuric acid,
when the feed gas is moist,29 is due to the increased con-
centration of the lower valence vanadium ions, V(III) and
V(IV), in the K2S207 melt when water is present (as
KHSO4). Similar conditions exist for the removal of SO2
from industrial flue gases.
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Electrocatalytic Formation of CH4 from CO2 on a Pt Gas
Diffusion Electrode
Kobjiro Hara* and Tadayoshi Sakata
Department of Electronic Chemistry, Interdisciplinary Graduate School of Science and Engineering,
Tokyo Institute of Technology, 4259 Nagatsuta, Midori—ku, Yokohama 226, Japan
ABSTRACT
Electrochemical reduction of CO2 under high pressure (<50 atm) on a Pt gas diffusion electrode (Pt—GDE) was stud-
ied. When the Pt catalyst layer was directed toward the CO2 gas phase (the reverse arrangement), methane was produced
as the main CO2 reduction product at high faradaic efficiency and at large partial current density. Ethanol, ethylene,
ethane, carbon monoxide, and formic acid were also produced. The effects of the Pt catalyst, electrode arrangement, CO2
pressure, reaction temperature, and hydrogen pretreatment of the electrode were investigated for this electrocatalytic
reaction. Faradaic efficiencies of the formation of CO2 reduction products such as methane, carbon monoxide, and formic
acid depended significantly on the CO2 pressure and temperature. The yield of CO2 reduction products was increased by
hydrogen pretreatment of the Pt—gas diffusion electrode.
Infroduction
In the last decade, electrochemical and electrocatalytic
reduction of CO2 using various metal electrodes under
1 atm in aqueous electrolytes has been extensively studied
by many workers. As a result it has been determined that
the electrocatalytic activity of the electrode depends
strongly on the metal used.'-18 For example, on Hg, Pb, In,
and Sn, which have large overpotentials for hydrogen for-
mation, formic acid is predominantly formed. Methane,
ethylene, and ethanol are preferential reduction products
formed on a Cu electrode. However, one of the problems
associated with electrochernical reduction of CO2 in aque-
ous electrolytes is the low solubility of CO2 in water
(0.033 mol dm3 at 25°C under 1 atm 19) which leads to
mass-transfer limitations for electrolysis at high current
density. In order to increase the current density for CO2
reduction, electrochemical reduction of CO2 under 1 atm
using a gas diffusion electrode (GDE) has been also stud-
ied. Mahmood et at. investigated the electrochemical
reduction of 1 atm of gaseous CO2 using GDEs incorporat-
ing metal phthalocyanines, Pb, In, and Sn. 20,21 They
reported the formation of formic acid at a faradaic effi-
ciency of 100% on a Pb—GDE at a current density of
115 mA cm2. Furuya et al. also reported CO2 reduction
using a GDE containing various metals such as Pb, Zn, Au,
Ag, and Cu. 22 Cook et al.23 and Schwarz et al.24 reported
the electrochemical reduction of 1 atm of CO2 on GDEs
containing Cu and Cu alloys such as Cu-Ag, Cu-Pb, Cu-
Zn, and Cu-Cd. 23.24 Moreover, they showed that ethanol
was formed at a faradaic efficiency of 31% at a current
density of 180 mA cm2 on a GDE containing
La,8Sr02CuO4. 25 These results show the achievement of
CO2 reduction at a large current density due to gas-phase
CO2 reduction even under 1 atm of CO2.
We have investigated the electrochemical reduction of
CO2 under high pressure in aqueous electrolytes using var-
ious metal electrodes in order to increase the partial cur-
rent density of the CO2 reduction. As a result, the partial
* Electrochemical Society Student Member.
current density of CO2 reduction increases with many elec-
trodes with increasing the CO2 pressure (concentra-
tion).26-29 Interestingly, it has been found that CO2 is re-
duced at high faradaic efficiencies under high pressure on
8 to 10 metal electrodes such as Fe, Ni, Rh, Pt, and Pd
which produce predominantly hydrogen by the reduction
of water (W) under 1 atm of CO2. 3032 In the cases of Fe
and Pt electrodes, formic acid was formed as a preferential
product for CO2 reduction and carbon monoxide was pre-
dominantly formed on the Rh electrode. Both formic acid
and carbon monoxide were formed at high faradaic effi-
ciencies on Ni and Pd electrodes. Moreover, hydrocarbons
such as methane, ethane, ethylene, and propane, which are
hardly formed at under 1 atm of C02, were formed on Fe,
Co, and Ni electrodes at high pressure.3° The selectivity of
the reduction product was changed by CO2 pressure on
these electrodes.
Therefore, very large currents for CO2 reduction and the
change in selectivity of reduction products can be expect-
ed on the electrochemical reduction of high-pressure CO2
on GDEs containing 8 to 10 metal electrocatalysts. We
have investigated the electrochemical reduction of high-
pressure CO2 on the Pt—GDE for the first time.33 As a
result, CO2 was reduced with high faradaic efficiency to
methane, ethylene, ethanol, carbon monoxide, and formic
acid when the Pt catalyst layer was directed toward the
CO2 gas phase while the gas diffusion layer faced the elec-
trolyte (the reverse arrangement). Methane was produced
at a faradaic efficiency of 35% with a partial current den-
sity of 313 mA cm2 under 20 atm CO2 at a constant cur-
rent density of 900 mA cm2. Interestingly, when the Pt
catalyst layer was directed toward the electrolyte (the nor-
mal arrangement, i.e., the gas diffusion layer faced the CO2
gas phase), CO2 reduction products were hardly produced
and only hydrogen was formed by the reduction of water.
In this publication we investigate the effects of CO2 pres-
sure, reaction temperature, hydrogen pretreatment of the
GDE, and the current—potential curves for GDEs under Ar
and CO2 atmospheres in order to study the electrocatalyt-
ic activity of the Pt—GDE.
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